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A chloroplast ribosome dissociation factor (IF-3,~) 
has  been  identified  in  whole cell extracts of Euglena 
gracilis. This work represents the first report of an 
organellar  ribosome  dissociation  factor. E. gracilis IF- 
3chI facilitates the  dissociation of Escherichia coli ri- 
bosomes as demonstrated  by  sucrose  density  gradient 
analysis. Chloroplast IF-3 stimulates initiation com- 
plex formation  on E. coli ribosomes with natural 
mRNA from  the  bacteriophage MS2. In addition, IF- 
3chl is effective in initiation complex formation with 
Euglena chloroplast  or E. coli ribosomes  in  the  pres- 
ence  of  synthetic mRNA. IF-3chl is induced 12-fold by 
exposure of the cells to light. The chloroplast factor 
has  been  purified 30-fold by  chromatography  on 
DEAE-cellulose  and  phosphocellulose.  The  chromato- 
graphic properties of this factor differ considerably 
from  those  of  prokaryotic  ribosome  dissociation fac- 
tors. 
The initiation of protein biosynthesis involves the forma- 
tion of a complex on the small subunit of the ribosome 
containing the charged initiator  tRNA, mRNA, and  initiation 
factors. The steps involved in the formation of this complex 
differ significantly in prokaryotes and in the cytoplasm of 
eukaryotic cells; however, in both systems protein factors 
facilitate the dissociation of the ribosomes to provide free 
small subunits for initiation (1, 2). In  the eukaryotic cyto- 
plasm, eIF-6' binds to  the 60 S subunit,  preventing reassocia- 
tion with the small subunit (3-5). In addition, eIF-3 may 
facilitate dissociation by binding to  the 40 S subunit (6, 7). In 
Escherichia coli, the prototype prokaryote, IF-3  binds to  the 
30 S particle  preventing reassociation of the subunits. E. coli 
IF-3 also plays an additional role in protein synthesis by 
promoting the formation of the initiation complex  on the 30 
S subunit, particularly with natural mRNA (8, 9). IF-3 has 
been isolated from two other prokaryotes, Bacillis stearo- 
thermophilis (10) and Caulerbacter crescentus (11). The pro- 
karyotic dissociation factors are basic proteins of 19,000- 
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25,000 daltons which are isolated from the high salt wash of 
the ribosomes. Factors from all three sources are active in 
dissociating ribosomal monomers and in stimulating  initia- 
tion complex formation. Until the present work, no organellar 
ribosome dissociation factor has been reported. 
The initiation of protein  synthesis  in chloroplasts resembles 
the prokaryotic system in several respects. For example, the 
initiator  tRNA is formylated (12) and chloroplast and  bacte- 
rial ribosomes are similar in size and composition (13, 14). 
Furthermore, E. coli initiation factors are active in binding 
formylmethionyl-tRNA (Met-tRNA) to Euglena gracilis 
chloroplast ribosomes (15). However, there is gathering evi- 
dence that  the E. gracilis chloroplast translation system is not 
a simple copy of the prokaryotic system. For example, chlo- 
roplast IF-2 from this organism shows little activity in binding 
Met-tRNA to E. coli 30 S subunits (16). In addition, the 
Shine-Dalgarno regions which are  important for mRNA-ri- 
bosome interactions  in prokaryotes are  not  present in four of 
the five sequenced E.  gracilis chloroplast genes  (17-20). These 
observations indicate that  there  are basic differences in the 
mechanism of initiation complex formation in E. gracilis 
chloroplasts and in prokaryotes. Before these mechanisms 
can be elucidated, an understanding of the enzymology of 
chain  initiation will  be required. In  the present work, we have 
identified a chloroplast ribosome dissociation factor from E. 
gracilis and have carried out a preliminary analysis of its 
properties. 
EXPERIMENTAL PROCEDURES 
Materiak-[[35S]Methionine was obtained from New England Nu- 
clear and diluted to a specific activity of  25 Ci/mmol with cold 
methionine. [35S]formylmethionyl-tRNA? was prepared from yeast 
tRNA as described (15). GTP  and poly(A,U,G) were obtained from 
P-L Biochemicals. AUG, phosphoenolpyruvate, pyruvate kinase, and 
MES were purchased from Sigma. Other chemicals were reagent 
grade. Nitrocellulose filters were obtained from Sartorius. Phospho- 
cellulose PI1 and DEAE-cellulose DE52  were purchased from What- 
man. E. coli IF-1, IF-2, and IF-3 were partially purified by DEAE- 
cellulose and phosphocellulose ion-exchange chromatography (15). E. 
coli W ribosomes were prepared as described (21) except a single 1 M 
NH4CI  wash  was  used. The 70 S monomers were separated from free 
subunits by zonal centrifugation through a 10-40% (w/v) convex 
exponential sucrose gradient in  a Beckman A1-14 rotor at 4 "C for 15 
h at 28,500 rpm. 30 S subunits were prepared as described (22). MS2 
bacteriophage (ATCC 15597-B1) was  grown in E. coli  C-3000 and  the 
RNA was isolated by the procedure of Spremulli et al. (23). Protein 
concentrations were determined by the method of Lowry et al. (24) 
using bovine serum albumin as a  standard. 
Buffers-Buffer A contained 50 mM Tris-C1, pH 8.5,50 mM NH,CI, 
40 mM MgClz, 0.1 mM EDTA, 0.1 mM spermine, and 12 mM 2- 
mercaptoethanol. Buffer B contained 50 mM Tris-C1, pH 7.8, 50 mM 
NH4C1 (unless otherwise indicated), 0.1 mM EDTA, 10% glycerol, 
and 12 mM 2-mercaptoethanol. Buffer C contained 50 mM MES- 
NHdlH,  pH  5.6,50 mM NH4Cl (unless otherwise indicated), 0.1 mM 
EDTA, 10% glycerol, and 12 mM 2-mercaptoethanol. 
Binding of [35S]Formylmethionyl-tRNA to 70 S Ribosomes (fMet- 
tRNA Binding Assay)-IF-3 activity was routinely determined by 
measuring the ability of this factor to stimulate the binding of [35S] 
formylmethionyl-tRNA? to 70 S ribosomes in the presence of sat- 
urating  amounts of E. coli IF-1  and IF-2. The reaction mixtures (0.2 
ml) contained 50 mM Tris-C1, pH 7.8,80 mM NH4CI, 5 mM MgClz, 5 
mM dithiothreitol, 0.25 mM GTP, 1.25 mM phosphoenolpyruvate, 0.2 
units of pyruvate kinase, 12.5 pg of poly(A,U,G), 10 pmol of ["SI 
fMet-tRNAPt (20,000-40,000 cpm/pmol), 30  pg (0.43 A2a) of E. coli 
70 S ribosomes, 0.8 pg  of E. coli IF-1, 0.8 pg  of E. coli IF-2 and IF-3chl 
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or E. coli IF-3  as indicated. Assay ingredients were assembled at 4 "C 
and incubated at 37 "C for 10 min, and  the reaction was terminated 
by the addition of 5 ml  of cold buffer (50 mM Tris-C1, pH 7.8,80 mM 
NH4Cl, and 5 mM MgC12). Samples were filtered through nitrocellu- 
lose filters (0.45 pm) and  the filters were washed twice with 5 ml of 
cold buffer. Filters were dried for 5 min at  110 "C and counted in 10 
ml of scintillation mixture containing  5  g of 2,5-diphenyloxazole/l of 
toluene. One unit of activity is defined as  the binding of 1 pmol of 
[35S]fMet-tRNA"'t under the assay conditions described. 
Analytical Sucrose Gradients-The ability of chloroplast IF-3  to 
promote the dissociation of 70 S ribosomes was examined using 
sucrose density gradient centrifugation. Samples (0.1 ml) contained 
50 mM Tris-C1, pH 7.8,80 mM NH4C1,  2.5 mM MgCI2, 0.5 mM EDTA, 
5 mM dithiothreitol, 5% glycerol,  30 pg  of E. coli ribosomes, and  the 
indicated amount of IF-3. After incubation for 5 min at  37 "C, the 
samples were placed on ice for an additional 5 min and adjusted to 5 
mM M$+ by the addition of 5 p1 of 50 mM MgC12. Samples were 
layered onto 5-ml  linear 10-30% (w/v) sucrose gradients (containing 
50 mM Tris-C1, pH 7.8, 80 mM NH4C1, 5 mM MgC12, 0.1 mM EDTA, 
and 2 mM dithiothreitol) and subjected to centrifugation for 4  h at 
30,000 rpm in a Beckman SW 50.1 rotor at 4 "C. Gradients were 
displaced with a 50% (w/v) sucrose solution on an ISCO Model  640 
gradient fractionator and the absorbance profile at 254 nm was 
recorded on an ISCO UA-5 absorbance monitor. 
Growth of E. gracilis-Euglena gracilis klebs var. bacillaris Cori 
(Euglena B) was maintained  in the dark in Hutner's pH 3.5 hetero- 
trophic medium (25). For preparative work, cells were grown as 
described (26) except that cells were not exposed to light until  they 
were transferred to resting media. The cultures were then exposed to 
light for 72 h to induce chloroplast development. Cells described in 
the  text  as dark-grown were kept  in the dark  after  transfer to resting 
media. After harvesting, cells were washed in buffer containing 50 
mM Tris-C1, pH 8.5, 50 mM NH4C1, 40 mM MgC12, then fast-frozen 
in  a dry ice/2-propanol bath  and stored at -70 "C until use. 
Isolation of Chloroplast  Ribosome  Dissociation Factor-Frozen cells 
(48 g) were thawed and suspended in 2 volumes of buffer A. All 
subsequent steps were carried out a t  4 "C. Cells were broken by 
sonication at 45 watts with a  Branson 185 cell disrupter for 10 cycles 
of 30-s bursts followed by 30-s rests. Cell debris was removed by 
centrifugation for 30 min at 34,000 X g  in  a Sorvall SS34 rotor and 
the resulting supernatant was adjusted to 0.5 M NH4C1. After centrif- 
ugation at 217,000 X g for 3 h in a Beckman 50.2 Ti rotor, the 
supernatant was  removed and dialyzed for 19 h against 3 changes of 
10 volumes of buffer B. The sample was clarified by centrifugation 
for 15 min at 34,000 X g in  a Sorvall SS34 rotor. This sample (90  ml, 
6.3 mg/ml) was applied (90 ml/h)  to tandem phosphocellulose/DEAE- 
cellulose columns equilibrated with buffer B. The columns were 
arranged so that  the effluent from the phosphocellulose column (2.1 
X 6.0 cm, 20 ml) was applied immediately to the DEAE-cellulose 
column (2.1 X 6.0 cm, 20 ml) and  the absorbance of the effluent from 
the DEAE-cellulose column was monitored at 280 nm. The columns 
were washed in tandem with buffer B until theAzso  started  to decrease. 
The DEAE-cellulose column was then separated from the phospho- 
cellulose column and washed with buffer B until the Am reached 
baseline. The DEAE-cellulose column was developed with a 5-volume 
linear gradient (50-500 mM NH&1 in buffer B) at a flow rate of 60 
ml/h. Fractions (2 ml each) active in the fMet-tRNA binding assay 
described above  were pooled (180-250 mM NHdC1) and dialyzed 
against 3 changes of 10 volumes of buffer C for a total of 6 h. Dialysis 
resulted in the formation of a precipitate which was removed by 
centrifugation at 34,000 X g for 10 min in  a Sorvall SS34 rotor. The 
supernatant (15 ml, 3.3 mg/ml) was applied (60 ml/h) to a 5-ml 
phosphocellulose column (1.2 X 4.4 cm) equilibrated in buffer C and 
eluted with a 10-volume gradient (50-1000 mM NH4C1) in buffer C 
(flow rate 60 ml/h). Fractions (1 ml each) active in the  Met-tRNA 
binding assay were  pooled  (550-700 mM NH4Cl). 
Some samples were concentrated and exchanged into buffer B 
using an Amicon Model 8MC Micro-ultrafiltration system with a 
YM-10 membrane. Other samples were diluted with 4 volumes of 
buffer B and applied (25 ml/h) to a  1-ml DEAE-Sepharose column 
equilibrated in buffer B. Chloroplast IF-3 was eluted (17 ml/h) with 
buffer B containing 0.5 M NH4C1, and fractions (0.3 ml each) active 
in the fMet-tRNA binding assay were  pooled and dialyzed into buffer 
B. Samples were stored at  -70 "C after being fast-frozen in  a dry ice/ 
2-propanol bath. 
RESULTS AND DISCUSSION 
Chloroplast IF-3 activity was detected in whole  cell extracts 
of E. gracilis using an assay which measured the IF-3-media- 
ted  stimulation of [35S]fMet-tRNAM,t binding to either Eu- 
glena chloroplast or E. coli ribosomes in the presence of 
saturating  amounts of E. coli IF-1  and IF-2. E.  coli ribosomes 
were used routinely since they were much easier to prepare. 
The activity of chloroplast IF-3 in this assay was IF-2-, 
mRNA-, and ribosome-dependent. About two-thirds of the 
total  IF-Qchl activity was present  in the postribosomal super- 
natant even when extracts were prepared in low salt (0.05 M 
NH4C1) buffer while one-third of the activity was detected in 
the high salt wash (0.5 M NH4C1)  of the ribosomes. In order 
to optimize recovery, chloroplast dissociation factor has been 
routinely isolated from a postribosomal supernatant prepared 
in high salt (0.5 M NH,CI). In contrast, ribosome dissociation 
factors from E. coli, Bacillus  stearothermophilis, and C. cres- 
centus are tightly bound to the ribosome and have been 
prepared only from the high salt wash of the ribosomes (10, 
11, 27). 
When  extracts of light-induced E. gracilis were applied to 
phosphocellulose at  pH 7.8, IF-Qchl was not retained by the 
resin. The phosphocellulose column retained chloroplast IF- 
2 which  was used in  other  studies  (16). The effluent from the 
phosphocellulose column was applied immediately to DEAE- 
cellulose. Chloroplast IF-3 was retained by this anion ex- 
change resin and could be eluted with a  salt gradient (Fig. 
1A). The fractions with peak activity were  pooled and dialyzed 
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FIG. 1. DEAE-cellulose chromatography of extracts from 
light-induced and dark-grown E. gracilis. The procedure fol- 
lowed is described in  detail under "Experimental Procedures." Ali- 
quots of fractions (10 p1) were assayed in  the  Met-tRNA binding 
assay. A, extracts prepared from 48 g of light-induced cells. B, extracts 
prepared from 46 g of dark-grown cells. 
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into buffer at  pH 5.6. Chloroplast IF-3 activity was stable at 
this pH and samples could be stored for several months 
without loss of activity. The tandem phosphocellulose/DEAE- 
cellulose columns followed  by the dialysis step resulted in a 
5-fold increase in specific activity and recovery of about 45% 
of the activity originally detected in the postribosomal super- 
natant (Table I). Chloroplast IF-3 was next applied to phos- 
phocellulose at  pH 5.6 and  the activity was retained by the 
resin at this pH. About 30% of the applied activity could be 
recovered with a salt gradient and a 4- to 5-fold increase in 
specific activity was achieved (Table I). The  net result of this 
partial purification scheme was the recovery of about 15% of 
the activity detected in the postribosomal supernatant  and  a 
30-fold increase in specific activity. As indicated by the puri- 
fication scheme described above, chloroplast IF-3 differs con- 
siderably from other  IF-3s  in its chromatographic properties. 
Chloroplast IF-3 adsorbs to anion exchange resins but adsorbs 
to most cation exchange resins only at low pH.  In contrast, 
E. coli, B. stearothernophilis, and C. crescentus IF-3 adsorb 
to cation exchange resins at  pH 7-8 and  are  not  retained by 
anion exchange resins (10, 11, 27). Preliminary gel filtration 
data  (not shown) indicate an  apparent molecular weight of 
50,000-60,000 for IF-3chl. This is twice the molecular weight 
of prokaryotic dissociation factors (19,000-25,000) (9-11). 
Several lines of evidence indicate that  the activity we have 
identified is indeed chloroplast IF-3. In Euglena, the devel- 
opment of the mature chloroplast and  its translational ma- 
chinery can be induced by exposing dark-grown cells to light 
(28). As indicated  in Fig. 1, the activity of IF-3 was substan- 
tially induced by light. Twelve times more activity was de- 
tected in the DEAE-cellulose column fractions from light- 
induced cells (Fig. 1 A )  than was found in fractions from dark- 
grown cells (Fig. 1B). Small  amounts of IF-&,l activity could 
be expected in  extracts of dark-grown cells, since proplastids 
have low levels of a functional translational system (29). 
Additional evidence that  the activity detected is chloroplast 
IF-3 comes from the observation that  this factor stimulated 
met-tRNA binding to 68 S chloroplast ribosomes, but  had 
no measurable activity in an antiassociation assay (30) using 
wheat germ 80 S ribosomes (data  not shown). Furthermore, 
wheat germ eIF-6 had no detectable activity in the m e t -  
tRNA  binding assay routinely used to measure (data 
not shown). These observations indicate that the activity 
detected is chloroplast IF-3  and  not  a cytoplasmic ribosome 
dissociation factor. 
The ribosome dissociation activity of chloroplast  IF-3  has 
been characterized by analyzing the sedimentation  pattern of 
ribosomes in  the presence and absence of IF-3. E, coli ribo- 
somes were dissociated into  subunits by reducing the Mg2+ 
concentration to 2.5 mM. In the absence of IF-3, subunits 
reassociated when the concentration of Mg2+ was subse- 
quently raised to 5 mM (Fig. 2, dashed  line). IF-Qchl prevented 
subunit reassociation and,  in  its presence, a  substantial  por- 
tion of the ribosomes remained dissociated (Fig. 2A). The 
TABLE I 
Purificution of chloroplast IF-3 
48 g of light-induced E. gracilis cells were prepared as described 
under “Experimental Procedures.” 
Step Volume Protein 22;; Recovery units 
ml mg unitsjrng % 
Postribosomal supernatant 90 870 4 100 3500 
DEAE-cellulose followed by 15 65 23 43 1500 
Phosphocellulose, pH 5.6 6 4 120 14 480 
dialysis 
30s 50s ?OS 30s 50s ?OS 
I I I  I I I  
SEDIMENTATION - 
FiG. 2. Sugar gradient analysis of the dissociation of E. coli 
70 S ribosomes by IF-3. Samples were prepared and analyzed as 
described under “Experimental Procedures.” A,  sedimentation pat- 
tern of ribosomes incubated with 48 pg of partially purified chloro- 
plast IF-3 (-) and in the absence of IF-3 (- - -). B, sedimentation 
pattern of ribosomes incubated with 1.2 pg E. coli IF-3 (-) and in 
the absence of IF-3 (- - -). 
20 40 60 0.2 0.4 0.6 
IF - 3 chl,pg L . C ~  IF-3, pq 
FIG. 3. IF-3 stimulated fMet-tRNA binding to 70 S ribo- 
somes in response to poIy(A,U,G) and MS2 RNA. A, the proce- 
dure for the fMet-tRNA binding assay was  followed using 12.5  pg  of 
poly(A,U,G) (0) or 1 AZW MS2 RNA (0) and chloroplast IF-3 as 
indicated. A blank  containing  no IF-3 was subtracted from each value 
(0.6 pmol with poly(A,U,G) and 0.1 pmol with MS2 RNA). B, the 
procedure for the  met-tRNA binding assay was  followed as above 
except that  the indicated amount of E. coli IF-3 was used in place of 
IF-3,hl. A blank containing no IF-3 was subtracted from each value 
(0.6 pmol with poly(A,U,G) and 0.1 pmol with MS2 RNA). 
amount of dissociation observed was proportional to  the 
amount of IF-Qch1 added, although complete dissociation of 
the ribosomes was not. possible due to volume limitations of 
the assay. As indicated in Fig. 2B, E. coli IF-3 was also 
effective in preventing the reassociation of ribosomal sub- 
units. 
In addition to  its ability to promote the  net dissociation of 
ribosomes, E. coli IF-3 also stimulates initiation complex 
formation with natural mRNA. In order to determine whether 
IF-3ehl has  a similar activity, we have examined its activity in 
the fh4et-tRNA binding assay with two different mRNAs. As 
indicated in Fig.  3A, chloroplast IF-3 is capable of promoting 
initiation complex formation with bacteriophage MS2 RNA, 
although it is somewhat less effective with this mRNA than 
4784 Chloroplast IF-3 
it is with poly(A,U,G). E. coli IF-3 stimulates Met-tRNA 
binding in response to poly(A,U,G) and  to bacteriophage MS2 
RNA to the same extent (Fig. 3B). These results indicate 
that chloroplast IF-3  has  the ability to stimulate initiation 
complex formation with natural mRNA on E. coli ribosomes. 
It should be kept in mind, however, that  the role of IF-Qehl  in 
an E. coli translation system may not reflect the activities 
which this factor would have in a homologous system. While 
the base pair  interaction between the Shine-Dalgarno region 
of the mRNA and  the 16 S rRNA is one of the important 
features of natural mRNA binding in the prokaryotic system 
(31),  this region of complementarity is often weak or  absent 
in the Euglena chloroplast mRNAs for which sequence infor- 
mation is available (17-20). Thus,  the selection of the initia- 
tion signal on natural mRNAs in  the Euglena chloroplast will 
involve some other  mechanism(s) and chloroplast IF-3 may 
play an  important role in  this process. 
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